Abstract We observe enhanced high-frequency radiation of P waves from aftershocks of the 4 April 2010 (M w 7.2), El Mayor-Cucapah, Baja California, earthquake that may reflect isotropic radiation generated by rock damage in the source regions. To eliminate path, radiation pattern, and site effects we use spectral ratios of four pairs of collocated events with similar size and focal mechanism that occurred within short time intervals (less than 24 hrs) and were recorded at the same stations. The P=P and the S=S spectral ratios calculated for the selected pairs of events show that events with similar size may have differences of high-frequency radiation up to a factor of 4 at 10 Hz and up to a factor of 10 at 4 Hz for P and S waves, respectively. To evaluate the differences between P-and S-wave energy radiated at high frequencies, we calculate the P=P=S=S ratio of the ratios at high frequencies (f > 1:5 Hz) in a band for which the signal-to-noise ratio is adequate. Since the pairs of used events have approximately the same size, the ratio of ratios is expected to be near unity. We observed high P=P=S=S spectral ratios at high frequencies (f > 6 Hz), up to a factor of 9, which may reflect isotropic radiation associated with rock damage. To find additional possible signatures of rock damage, we evaluate changes of coda Q using the same data. The results show small change of Q for a doublet located on the Laguna Salada fault. However, for the doublets located south of the Sierras El MayorCucapah, where there was no surface rupture before the sequence, changes of Q at 5 Hz by a factor of about 3 indicate significant temporal variations of rock properties along the source-receiver path.
Introduction
Seismic waves generated during episodes of brittle deformation include, in addition to the motion associated with displacement discontinuities, damage-related radiation resulting from changes of elastic moduli in the source region (Ben-Zion and Ampuero, 2009) . Basic analytical estimates indicate that the damage-related radiation (which is neglected in standard analyses) can have appreciable amplitude, and may even exceed the contribution from the classic moment term in cases with high initial shear stress. A decomposition analysis shows that the damage-related source tensor is expected to have a significant isotropic component that can increase the radiation of high-frequency P waves (Ben-Zion and Ampuero, 2009 ). Testing the model prediction on damagerelated radiation may be done by finding evidence for enhanced radiation of P waves from earthquakes in regular (not volcanic or geothermal) environments.
In this paper we present observations of enhanced highfrequency P waves and changes of attenuation coefficients of coda waves in the source region of the 4 April 2010 (M w 7.2) El Mayor-Cucapah earthquake of Baja California, México. This earthquake occurred close to the Laguna Salada rift basin (Fletcher and Spelz, 2009; Fletcher et al., 2010) , near the boundary between the Pacific and the North American plates. However, the seismic sequence triggered by the El Mayor-Cucapah earthquake involved faults which are not part of the plate boundary (Hauksson et al., 2010) . A local seismic network was installed a few hours after the main event occurred by the Centro de Investigación Científica y de Educación Superior de Ensenada (CICESE) in the rupture area (Castro et al., 2011) , and recorded a significant number of aftershocks at short hypocenter distances.
The data recorded during the El Mayor-Cucapah aftershock sequence offer good opportunities for attempting to find signatures of damage-related radiation. A large number of aftershocks were recorded by the local network in the near field and many have accurate hypocenter determinations (Castro et al., 2011) . The events are associated with the local tectonic environment, and many occurred in a region where no evidence of surface rupture existed before the mainshock, so they are expected to produce rock damage during the rupture process.
Method and Data
There are two main difficulties with efforts to infer body-wave isotropic radiation from seismic observations. These are the separation of source and path effects and having a reliable source reference. To minimize path effects we compare seismic radiation between events with approximately the same hypocenter location that is recorded by the same station. Pairs of collocated events can generate different seismic energy due to differences in size and focal mechanisms. At frequencies lower than the corner frequency, the expected level of radiation difference can be evaluated from the magnitude of the events or from the low-frequency spectral level that is proportional (e.g., Aki and Richards, 2002; Ben-Zion, 2003) to the seismic potency and seismic moment (potency times the rigidity at the source). To emphasize that we make no assumptions on values of elastic moduli at the source we use potency. Additional differences can be caused by different radiation patterns if the collocated events have different focal mechanisms. However, at high frequencies the heterogeneity of the crust can cause sufficient scattering to average out the radiation pattern effects (e.g., Vidale, 1989) . For instance, Castro et al. (1990) found that the radiation pattern from earthquakes in the Guerrero subduction zone did not affect estimates of Q at high frequencies. Collocated events of similar size, focal mechanism, and stress drop should radiate similar levels of seismic energy based on the standard theory (e.g., Aki and Richards, 2002; Ben-Zion and Ampuero, 2009 ). We therefore compare spectral amplitudes of pairs of collocated earthquakes having similar magnitude and focal mechanism, and search for observed differences in radiated energy that may be caused by brittle rock damage during the failure process.
We use the best located aftershocks of the 4 April 2010 El Mayor-Cucapah sequence reported by Castro et al. (2011) to search for collocated earthquakes. Most of these relocated aftershocks have hypocenter errors close to 500 m. Figure 1 also shows the location of two historical earthquakes (gray stars): the 1892 Laguna Salada (M w 7.1), located on the northwest margin of Sierra Cucapah, and the 1934 (M L 6.5), located on the northern edge of Sierra El Mayor. The focal mechanisms and location of the centroids, displayed for the bigger events, were taken from the Global Centroid Moment Tensor (Global CMT) catalog (see Data and Resources); note that the coordinates of the centroids are different than those of the epicenters (small stars). These mechanisms include significant non-double-couple components, indicating that the rupture process was complex. It is also interesting to notice that many aftershocks occurred south of Sierra Cucapah, where no previous fault traces had been mapped, in a region where a new surface rupture was generated during the 4 April 2010 seismic sequence.
We searched for collocated events having a source-tosource distance less than 500 m to minimize differences due to path effects and found 12 pairs of events. We selected from these 12 pairs those with the smallest magnitude difference (jM L1 − M L2 j ≤ 0:3), similar low-frequency spectral level (0:6 < Ω 1 =Ω 2 < 1:2), and similar focal mechanism, ending up with the four event pairs displayed in Figure 2 . We use the same color for the epicenters (dots) and recording station (triangle) to illustrate the source-station paths followed by each of the doublets analyzed. Table 1 lists the hypocenter coordinates and local magnitudes of the earthquakes of the four selected pairs. Pair 1 (events 145 and 241) is located on the northern Laguna Salada fault (Fig. 2) ; pair 2 is on the intersection between the Pescadores and Borrego faults, 5-km west from the 4 April 2010 (M w 7.2) mainshock. Pairs 3 and 4 are to the east of Sierra El Mayor, in a region where no previous faults had been mapped.
The velocity records were corrected for instrument response and we manually selected time windows to calculate the Fourier transform of both P and S waves. On average, window lengths of 0.5 s were used for P waves and 1.2 s for S waves. We removed the long-period biases correcting the records for baseline by subtracting the mean. The beginning and end of the windows were tapered with a 5% cosine taper before the Fourier transform was calculated. Then the spectral amplitudes were smoothed around 21 frequencies between 1 and 100 Hz (the Nyquist frequency of the records).
Results

Spectral ratios
For an earthquake with a fixed size, an isotropic source component will increase the P=S ratio of the radiated waves. Similarly, if the first (second) event in a doublet of similar size has isotropic radiation, the P=P and S=S ratios for the event pair will be larger (smaller) and smaller (larger) than 1, respectively. If both earthquakes have similar isotropic source components, the P=P and S=S ratios will be close to 1. If the first event in a doublet occurs in a region without large pre-existing faults or near strong geometrical complexity, it is likely to cause more rock damage than the second earthquake, because the later event will occur in an already damaged zone. On the other hand, if the first event is on a regular section of a pre-existing fault and the second one occurs near the fault tip, the later event is expected to generate more rock damage and to have a larger isotropic source component. Increased attenuation due to rock damage generated by the first event and other effects can modify these basic expectations. Figure 3 shows P=P (left frames) and S=S (right frames) spectral ratios calculated for each event pair. The numerators are events that occurred first and the denominators the later events. The solid line on the right frames corresponds to the S waves recorded on the east-west components and the dashed lines to the north-south components. We plot in Figure 3 only the frequency bands for which the signal-to-noise ratio is higher than 2. These are 0:8 Hz < f < 50 Hz for pair 1 and f < 63 Hz for the other pairs.
To evaluate the relative radiation between the event pairs we use as a reference the ω −2 source model:
( 1) for which P 0 is the scalar seismic potency (e.g., Brune, 1970; Ben-Zion, 2003) . We assume that the selected events in each pair have similar corner frequency (f c ) values (constant stress-drop model), and convert the local magnitudes to P 0 using the empirical relation for small earthquakes (e.g., Abercrombie, 1996; Ben-Zion and Zhu, 2002) :
A reference spectral ratio between two collocated events with magnitudes M 1 L and M 2 L can then be expressed as P 1 0 of stations of the regional networks has increased since the study of Vidal and Munguia (1991) , we expect smaller SD for our events. Nevertheless, the value of 0:21 is used to estimate upper and lower limits of the P 0 ratio based on equation (3). The last column of Table 2 lists these limits for each event pair. The SD of the P 0 estimates can be reduced if Figure 2 . Locations of doublets employed in the analysis. Geologic map modified from Fletcher and Spelz (2009) . The same color is used to denote epicenters of doublets (dots) and recording stations (triangles). The focal mechanisms were calculated using the first-motion directions of P waves recorded by the local stations. the seismic potency is estimated directly from the lowfrequency level of the spectrum. To verify that the corner frequencies of the event pairs are similar, we estimated the f c values using Andrews (1986) : and Df 2 are the velocity and displacements power spectra, respectively. Table 2 lists the obtained estimates of f c and Figure 4 displays the displacement spectra of the four doublets. Solid lines correspond to the earlier events and dashed lines for the later ones. When both horizontal components were available (pairs 1, 3, and 4) we calculated the vector sum of the horizontal components. For pair 2 we used the east component for event 191 and the north component for event 225. A visual comparison of the f c values (Table 2) calculated with equation (4) and the displacement spectra (Fig. 4) show that the estimates of f c are reasonable. The collocated events in pairs 1-3 have similar corner frequencies. For pair 4, the later event (106) has a higher f c and likely higher Brune stress drop. The low-frequency spectral level of the Brune spectrum is related to the integrals in (4) as (Andrews, 1986 )
The low-frequency spectral ratio between collocated pair of events (Ω 1 =Ω 2 ) provides an additional reference level. Table 2 lists the obtained estimates of Ω 1 =Ω 2 , which are consistent with the low-frequency levels of the displacements spectra displayed in Figure 4 . A value of the spectral ratio in excess of the expected estimates based on equations (3) or (5) indicates that the earlier event (in the numerator) generated more than expected energy than the later earthquake (in the denominator). The horizontal dashed lines in Figure 3 are the expected values from the reference source model using the corresponding Ω values estimated with equation (5). The first pair of events producing the spectral ratios at the top of Figure 3 , located on the Laguna Salada fault and recorded by station LS08 (Fig. 2) , has a magnitude difference Figure 3 . (a) Spectral ratios P=P and (b) S=S calculated for the event doublets; dashed and continuous lines on panels (b) are S=S ratios calculated using north-south and east-west components, respectively. The P=P amplitude ratios on panels (a) are calculated using the vertical components. The horizontal dashed lines are the expected values from the reference source model using the observed low-frequency spectral levels Ω (Table 2) . of only −0:1 (M L ratio 3:6=3:7), a low-frequency ratio Ω 1 =Ω 2 1:2 (Table 2) , and very similar focal mechanisms. The results show a higher than expected P=P ratio over most frequencies with a peak around 8 Hz, and an S=S ratio, which is also above the expected line but less than the P=P ratio between 5 and 20 Hz. These results are consistent overall with damage generation by the first event. For the second doublet, the P-wave spectral ratio between events 191 and 225 (Table 1) indicates a lower than expected ratio between 10 and 20 Hz, consistent with damage generation by the second event. The S=S ratio for this pair was not calculated because the station did not record on the horizontal components one of the events. The third pair shows a similar trend with respect to the expected P=P ratio (reference line) as pair 2 and a similar trend as pair 1 for the S=S ratio. Pair 4 (events 072/106), with both earthquakes having M L 2.5, Ω 1 =Ω 2 0:7, and located about 20-km south of the main event (Fig. 2) , shows P=P and S=S ratios above and below the reference lines (Fig. 3 bottom) . This is in agreement with the basic expectations associated with damage-related radiation by the source of the first event. For the P waves there is more than a 5-times increase around 10 Hz, and for the S wave there is a 4-times decrease over most frequencies. As mentioned, this event pair is located in a zone where no previous faultsurface rupture was present before the 4 April 2010 sequence. Because the pairs of selected events have similar source-receiver paths and focal mechanisms, the propagation and radiation pattern effects cancel in the calculations of the spectral P=P and S=S ratios. These calculations provide two estimates of ratios of source effects associated with each pair of events. The P=P=S=S ratio of the ratios for each pair of events is expected to be unity in the absence of a mechanism that produces enhanced radiation for P or S waves. Figure 5 shows the P=P=S=S ratio of ratios calculated for pairs 1, 3, and 4 (Table 1) . We plot the ratios with solid line when using east-west component and dashed line when using north-south component for the S wave. For the P waves we use the vertical component. A value of P=P=S=S > 1 indicates that the event in the numerator generated proportionately more P-than S-wave energy. Values of P=P=S=S larger than expected for shear faulting indicates that the source generates additional P-wave energy (Castro et al., 1991) and may reflect isotropic radiation due to a damage-related source term (Ben-Zion and Ampuero, 2009). Figure 5 shows that this is the case for event pairs 1 and 4 (left and right frames, respectively). In particular, the P=P=S=S ratio of ratios of pair 4, calculated with events 072 and 106 that have the same magnitude (M L 2.5) and Ω 1 =Ω 2 0:7 has values above 1 in the frequency range 1.3-40 Hz and close to a factor of 10 between 2 and 4 Hz. For pair 3 (Ω 1 =Ω 2 0:7), the P=P=S=S ratio of ratios has values below 1 reflecting the higher generation of P energy by the second event (Fig. 3 ).
Attenuation
The P=P=S=S ratios of ratios indicate that collocated earthquakes with similar size radiated comparatively different levels of P-and S-wave energy. If the enhanced radiation of high-frequency P waves is associated with a damage-related source term, we expect changes of crustal properties such as seismic-attenuation coefficients and velocities. Collocated earthquakes separated in time have been used in previous studies to detect temporal changes in source and path effects (e.g., Got et al., 1990; Castro et al., 2002; Peng and Ben-Zion, 2006) . The spectral ratio of collocated events does not depend on local site effects, because the recording station is the same. Because the paths from the sources to the station are the same, the crustal volume sampled and the geometrical spreading effects also are the same.
We calculate the amplitude spectral decay of coda waves as a function of time following the single-scattering model of Aki and Chouet (1975) :
for which c depends on source and site effects, t is the lapsed time from the origin time, f the central frequency, and Q c the quality factor for the coda waves. We use coda waves because their amplitude decay is generally independent of focal mechanism. The source and path effects of a doublet can be separated by taking the logarithm of the ratio associated with the coda of the doublets (Got et al., 1990) :
where
The first term on the right side of equation (7) accounts for source effects of the earthquakes and the slope of a linear fit of the coda-amplitude ratio versus lapse time is proportional to ΔQ −1 . A positive value of ΔQ −1 implies that the attenuation increased (Q decreased) after the first event (Q 2 < Q 1 ).
To analyze the data we filter the vertical components of seismograms with an eight-pole phase-free Butterworth band-pass filter at four different frequency bands with central frequencies at 5, 10, 20, and 40 Hz. As examples, Figure 6 shows the vertical components of the two events of doublet 4 recorded at station LS02 and the filtered seismograms at 5 and 20 Hz. The filtered seismograms are smoothed by calculating the root mean square amplitude (e.g., Pulli, 1984) before the ratios are computed. Figure 7a ,b shows the ratios of amplitudes calculated at the four frequencies for doublets 3 and 4, respectively. The solid line is least-squares fit for a lapse time window containing the S-wave coda. For doublet 3 this starts (Fig. 7a) at a lapsed time of 12 s (about two times the travel time of S) and ends at 17.5 s, during which the amplitude of the coda is at least twice the amplitude of the noise before the onset of the P wave. For doublet 4 (Fig. 7b ) the time window starts at 6.6 s and ends at 7.3 s. Doublet 3 shows that the attenuation decreased at 5 Hz, did not change significantly at 10 Hz, and increased at high frequencies (20 and 40 Hz) . At the southern end of the rupture, where events of doublet 4 are located (Fig. 2) , attenuation increased between 5 and 20 Hz and possibly decreased at 40 Hz (Fig. 7b) . These results indicate that the attenuation changed during the rupture process, particularly in the range 5-20 Hz.
Whereas ΔQ −1 provides an indication of temporal changes of Q, it is also useful to know the absolute values of Q 1 and Q 2 . With that purpose, we estimate the coda Q using equation (6) written in the form logVf \ t · t C − bt; (9) for which C logc and b πf loge=Q c . The Q c value can be estimated from the slope resulting from a linear-leastsquares fit of the band-pass filtered and smoothed coda. Figure 8 (top) displays the relative S-wave radiation between the three event pairs calculated with horizontal recordings. Figure 8 (bottom) shows the estimated Q c values using the events of pairs 1, 3, and 4. For pair 1 (events 145 and 241), Q c increased at 40 Hz by a factor of 1.6 and remains approximately invariant at lower frequencies. For pair 3 (events 089 and 237) Q c increases by a factor of 3.1 at 5 Hz, whereas for pair 4 (events 072 and 106) it decreased by a factor of 2.6 at the same frequency. For other frequencies the changes of Q c are relatively small.
To quantify the changes of Q using the estimates of ΔQ −1 (Table 3) , we can assume that Q 1 corresponds to the value of Q c estimated from the first event of each doublet (events 145, 089, and 072). Table 3 lists the percent of change of Q obtained for the three doublets analyzed at 5 Hz, the frequency that shows higher values of ΔQ −1 (Fig. 7) . At that frequency, the attenuation increased for pairs 1 and 4 and decreased for pair 3. Pair 1, located on the Laguna Salada fault, shows the smallest change of Q.
Discussion and Conclusions
A comparison between the relative S-wave radiation of the different event pairs shows (Fig. 8 top) that events collocated on the Laguna Salada fault (pair 1 in Fig. 2 ) produce approximately the same S-wave radiation and no significant change in Q c at f < 40 Hz. The P=P ratio for this event pair indicates (Fig. 3 top left) enhanced radiation of P waves by the first event. In contrast, pair 3 having an Ω 1 =Ω 2 0:7 and located south of Cucapah fault (blue dot in Fig. 2) , where no fault trace existed before the 4 April 2010 main event, shows a maximum S=S near 5 Hz (top middle frame in Fig. 8 ) in spite of the higher magnitude of the first event and increased Q c value at that frequency. Event pair 4, with Ω 1 =Ω 2 0:7, same magnitude for both sources, and location near the triangles, estimates using the first event; and squares, the second event of the doublet. The values of Q 1 and Q 2 (Fig. 6 bottom) were estimated with equation (1). The percent of change was calculated using Q 1 when ΔQ −1 > 0 and using Q 2 when ΔQ −1 < 0.
southern end of the rupture (red dots in Fig. 2 ) shows a significant difference in S-wave radiation over a wider frequency range (5-30 Hz). In particular, at 5 Hz, for which Q c decreased and ΔQ −1 had a small value (Table 1) , the S=S ratio differs by one order of magnitude. The P=P ratio for event pair 4 exhibits again (Fig. 3 bottom left) enhanced P radiation by the first event.
The P=P=S=S ratios calculated for event pairs 1 and 4 show (Fig. 5) evidence of enhanced radiation of highfrequency P waves that might be indicative of isotropic source components. The P=P=S=S spectral values for event pair 3 fluctuate below 1 because the second event in this pair radiated more P-wave energy (Fig. 3) in spite of having smaller magnitude than the first and Ω 1 =Ω 2 0:7. The lack of S recordings for event pair 2 prevents us from calculating P=P=S=S ratio for this pair, but the similarity (Fig. 3) between the P=P ratios for pairs 2 and 4 suggests that pair 2 also has signatures of enhanced high-frequency P waves. Event doublet 4 is most suitable for assessing damage-related radiation because it occurred in area of fresh surface rupture, the magnitudes of both events are the same, Ω 1 =Ω 2 0:7, and the temporal variations of Q c are not enough to explain the observed S=S ratio. The results suggest that the source of the first event (072) of the doublet radiated less S-wave energy compared with the second event (106). Under the assumption that the total energy radiated by both events was the same, because they have very similar size, event 072 radiated more P-wave energy than event 106. This explains why the P=P spectral ratio (bottom left frame in Fig. 3 ) shows maxima near 10 and 30 Hz. The P=P=S=S ratio of ratios in excess of 1 (left frame in Fig. 5 ) observed for this doublet confirms that event 072 generated proportionately more P-wave energy than event 106. The enhanced P radiation leading to the large P=P=S=S amplitude ratio of event pair with same magnitude, similar Ω, and sourcestation path is consistent with damage-related isotropic source term.
In conclusion, we observe enhanced high-frequency radiation of P waves for well-recorded aftershocks of the 2010 El Mayor-Cucapah, Baja California, earthquake, and especially from events that occurred on faults that generated new surface ruptures during the El Mayor-Cucapah mainshock. Collocated aftershock pairs having similar size and focal mechanism show differences of high-frequency radiation up to a factor of 4 at 8 Hz for P waves and up to a factor 5 at 16 Hz for S waves. The P=P=S=S ratio of ratios at high frequency (f > 1:5 Hz) is up to a factor of 9 and may reflect isotropic radiation associated with rock damage at the source volume.
Data and Resources
The seismograms used in this paper were recorded with instruments provided by IRIS-PASSCAL. Some plots were made using the Generic Mapping Tools of Wessel and Smith (2011) http://www.soest.hawaii.edu/gmt (last accessed July 2012). The centroid moment tensor solutions shown in Figure 1 are available at http://www.globalcmt.org/CMTsearch .html (last accessed March 2012).
